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INTRODUCTION 

Ventilation  of  animal  shelters  presents  a  problem,  main- 
ly because  insufficient  heat  is  produced  by  the  animals  to 
maintain  a  comfortable  temperature  within  the  shelter.   If 
the  air  movement  is  sufficient  to  remove  moisture  given  off 
by  the  animals  then  the  temperature  is  too  low.  If  the  air 
movement  is  restricted  so  as  to  maintain  adequate  tempera- 
tures, the  amount  of  moisture  removal  is  too  little  and  con- 
densation occurs,  causing  an  unsanitary  condition  and  rotting 
and  rusting  of  the  structure. 

Insulation  is  provided  to  increase  the  amount  of  heat 
available  for  ventilation  purposes.  This  is  quite  effective, 
and  if  the  structure  is  properly  designed  may  be  entirely 
adequate,  but  some  structures  which  have  been  built  without 
proper  consideration  of  the  ventilation  problem  are  difficult 
to  insulate  properly.  The  Kansas  State  dairy  barn  is  a 
structure  which  is  in  this  category. 

Dairy  barn  ventilation  is  becoming  of  less  importance 
because  many  dairymen,  except  in  the  extremely  cold  climates, 
are  using  the  open  shed  type  of  housing.   This  eliminates  the 
ventilation  problem  where  this  is  done,  but  many  dairymen  who 
already  have  a  good  stanchion  barn  are  hesitant  to  change  to 
open  shed  housing.  Also  in  the  colder  climates  even  if  loose 
housing  is  used  it  is  done  in  a  closed  barn.   There  are  also 
buildings  such  as  the  Kansas  State  dairy  barn  where  feeding 
and  other  experiments  are  conduoted  on  the  animals,  and  it  is 
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essential  that  the  cows  be  housed.  In  all  of  these  cases 
there  Is  a  ventilation  problem. 

General  Considerations 

In  dairy  barn  ventilation  at  least  three  general  consid- 
erations should  be  madet 

1.  Health,  comfort  and  maximum  production  of  the 
animals  with  a  minimum  of  feed  consumption* 

2.  Factors  effecting  the  length  of  life  and  usefulness 
of  the  structure* 

3.  The  oomfort  and  efficiency  of  the  workmen  in  the 
building. 

Health.  Oomfort  and  Production  of  Cows.  Environmental 
conditions  which  will  give  the  maximum  desired  In  health,  com- 
fort and  production  of  cows  are  not  exactly  known,  but  author- 
ities (8,12,16,17)  are  generally  agreed  that  near  50°  F*  is 
the  optimum  temperature  for  maximum  production  of  dairy  cows. 
Hagsdale  et  al.  (12)  state  that  the  optimal  temperature  zone 
for  quantity  and  efficiency  of  milk  production  appears  to  be 
not  too  far  from  50°  P.  Lowering  of  temperatures  from  50° 
to  4°  P.  increased  feed  consumption  and  butterfat  percentage, 
but  decreased  somewhat  the  milk  yield*  There  seems  to  be  a 
greater  decrease  with  temperatures  above  50°  P*  than  there 
is  at  temperatures  below  50°  P*,  thus  It  is  probably  more 
important  to  keep  temperatures  below  50°  P,  than  It  is  to 
attempt  to  maintain  them  as  high  as  50°  P* 
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Length  of  Life  and  Usefulness  of  the  Structure.  Moisture 
conditions  have  more  effect  on  the  structure  than  other  envi- 
ronmental conditions.  Condensation  of  moisture  on  the  walls 
and  ceiling  will  tend  to  shorten  the  length  of  life  of  a 
structure  by  causing  the  wood  to  rot  and  the  metal  to  rust* 
Moisture  absorption  by  masonry  will  cause  it  to  deteriorate 
more  rapidly ,  especially  when  free sing  and  thawing  occurs* 
Moisture  on  the  walls  and  ceiling  is  also  an  unsanitary  con- 
dition as  it  encourages  growth  of  fungi  and  accumulation  of 
dust  and  dirt  where  it  Is  wet*  Temperatures  high  enough  to 
prevent  freezing  of  water  fixtures  add  to  the  usefulness  of 
the  building*  When  temperatures  are  below  the  freezing  point 
either  water  facilities  cannot  be  used  in  the  barn  or  special 
precautions  have  to  be  taken  to  prevent  their  freezing* 

Qomfort  and  Efficiency  of  the  Workmen.  Feeding,  milking 
and  other  chores  are  more  efficiently  done  when  temperatures 
and  humidity  are  such  that  the  workmen  are  comfortable* 
Either  cold  temperatures  or  damp  conditions  cause  the  workmen 
to  slight  some  of  the  chores  In  an  effort  to  get  through 
quicker  so  they  will  be  able  to  get  into  a  more  comfortable 
environment.  TSfhen  they  are  comfortable  they  oan  do  their 
chores  more  efficiently  as  they  will  spend  less  time  provid- 
ing for  their  own  comfort. 


Purpose  of  Investigation 

Shis  investigation  was  conducted  for  the  purpose  of  de- 
termining whether  a  heat  exchanger  could  be  adapted  for  use 
in  ventilation  of  the  Kansas  State  dairy  barn.   The  proposal 
was  to  have  a  heat  exchanger  designed  so  as  to  utilise  heat 
from  the  exhaust  air  to  warm  the  incoming  fresh  air  to  make 
it  possible  for  a  larger  quantity  of  air  to  be  circulated 
without  reducing  the  temperature  of  the  barn  below  that  de- 
sired. This  would  remove  more  of  the  moisture  from  the  barn 
and  reduce  or  prevent  some  of  the  condensation.  If  a  prac- 
tical heat  exchanger  could  be  put  into  use  much  of  the  heat 
now  lost  in  the  exhaust  air  could  perhaps  be  utilized  in  the 
barn  to  maintain  higher  temperatures* 

The  70  cows  in  the  barn  give  off  approximately  200,000 
Btu  per  hour  of  sensible  heat*  This  amount  of  heat,  if  it 
had  to  be  provided  by  burning  fuel  would  require  considerable 
expense.  Obviously  all  of  the  heat  given  off  by  the  cows 
cannot  be  saved,  but  if  a  small  amount  of  it  could  be  made 
available,  additional  ventilation  could  be  provided  and  still 
make  it  possible  to  maintain  desired  temperatures  in  the 
barn.  The  feasibility  of  saving  the  heat  by  this  method 
would  depend  on  whether  the  additional  cost  involved  in  pro- 
viding equipment  necessary  to  save  the  heat  would  be  less 
than  the  cost  of  providing  it  by  some  other  method. 

The  investigation  was  divided  into  two  partsj  first,  a 


■tudy  of  the  actual  conditions  aa  they  ere  in  the  Kansas 
State  dairy  barn  and  temperature  differences  between  the  in- 
side and  outside  of  the  barn,  and  second,  a  study  of  a  plate 
heat  exchanger  to  determine  the  amount  of  heat  which  can  be 
transfered  from  the  exhaust  air  to  the  incoming  fresh  air. 

The  investigations  were  conducted  during  the  winter  of 
1949-50.  This  was  a  very  mild  winter  and  because  there  were 
no  long  cold  or  stormy  periods,  the  Information  obtained  as 
to  conditions  in  the  dairy  barn  was  rather  incomplete.  How- 
ever, as  the  data  obtained  agree  very  closely  with  the  cal- 
culated data,  they  were  considered  sufficient  to  use  in  the 
study. 

REVIEW  0?  LITERATURE 

A  great  deal  of  work  has  been  done  on  the  subject  of 
ventilation  of  dairy  stables,  and  also  on  the  use  of  heat 
exchangers.  However,  no  data  on  work  done  to  use  a  heat  ex- 
changer in  dairy  barn  ventilation  were  found,  but  several 
had  suggested  the  possibility  of  doing  this.  A  large  portion 
of  the  work  done  on  heat  exchangers  was  at  muoh  higher  tem- 
peratures than  encountered  in  dairy  barns. 

Ventilation  of  Dairy  Barns 

The  pioneer  in  farm  building  ventilation  was  F.  H.  King 
(9).  He  designed  the  famous  King  system  of  gravity  ventila- 
tion which  used  the  heat  produced  by  animals  to  furnish 
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motive  power  for  movement  of  air.  His  design  was  based  on  a 
heat  output  of  76,133  Btu  per  oow  per  day.  Through  his  ex- 
periments he  demonstrated  that  lack  of  ventilation  had  harm- 
ful effects  on  the  general  health  of  dairy  cows.  He  set  a 
standard  of  air  purity  which  permitted  not  more  than  3  per 
eent  of  breathed  air  in  the  stable  at  any  time.  This  stan- 
dard required  a  movement  of  some  3600  cubic  feet  per  hour 
per  oow  which  resulted  in  low  barn  temperatures  if  the  barn 
was  not  well  insulated*  He  believed  that  moisture  produced 
by  the  cows  should  be  removed  from  the  stable  which  will  be 
accomplished  if  the  requirement  regarding  breathed  air  is 
met.  Figures  of  heat  and  moisture  production  of  animals 
were  not  available  until  Armaby  and  Krlss  (1)  published  the 
results  of  their  work  on  this  subject  in  1921.  They  cal- 
culated that  heat  given  off  varied  from  65,000  Btu  per  day 
for  a  Jersey  producing  20  pounds  of  milk  to  88,000  Btu  per 
day  for  a  Holstein  cow  producing  45  pounds  of  milk.  This 
includes  the  latent  heat  of  the  vaporised  water  which  cannot 
be  regarded  as  available  for  ventilation  purposes  unless 
some  condensation  takes  place.  They  also  found  that  this 
latent  heat  of  water  vapor  constituted  approximately  25  per 
cent  of  the  total  heat  given  off  by  the  animals.  They  sub- 
jected cattle  to  far  greater  concentrations  of  carbon  di- 
oxide than  the  limit  of  0.167  per  cent  volume  set  by  King 
(9)  without  serious  effect  on  the  cattle.  They  considered 
their  results  to  be  only  approximate  and  suggested  that 
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further  work  be  done  on  this  line* 

Others  (1,  15)  felt  that  the  use  of  figures  obtained  by 
Armeby  and  Kris a  (1)  would  lead  to  error  if  used  because  heat 
and  moisture  production  vary  with  temperatures.  The  amount 
of  heat  given  off  varies  between  2,000  and  3,500  Btu  per  cow 
depending  on  the  size  of  the  cow  and  the  ambient  temperature 
and  humidity  conditions  existing  at  the  time  the  tests  were 
made  (17). 

Kelley  and  Hupel  (8)  concluded  that  optimum  stable  tem- 
peratures for  cows  in  stanchions  under  Wisconsin  winter  con- 
ditions to  be  about  50°  P.  and  within  the  limits  of  45°  and 
85°  P.,  changes  of  10°  P.  in  the  controlled  stable  affeoted 
principally  the  first  three  milkings.  Suggestions  made  by 
Kelley  (7)  are  that  temperatures  between  40°  and  60°  P.  are 
desirable  for  dairy  cows.  He  also  showed  that  having  higher 
temperatures  in  the  barn  required  a  smaller  amount  of  venti- 
lation for  moisture  removal*  Teasdale  (16)  gave  the  optimum 
temperature  in  dairy  barns  as  being  between  45°  and  50°  P. 
In  an  Editorial  in  Agricultural  Engineering  of  May,  1939, 
there  was  cited  a  need  for  research  to  determine  optimum  com- 
fort conditions  for  cows  with  reference  to  temperature, 
humidity,  and  air  movements. 

The  amount  of  moisture  to  be  removed  by  ventilation  is 
from  11-18  pounds  per  day  (14)  per  cow.  Teasdale  (16)  gives 
the  desired  relative  humidity  as  60  per  cent,  while  Fairbanks 
(5)  lists  75  to  80  per  cent  as  desirable.  Many  writers  do 
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not  list  a  definite  percentage  for  relative  humidity,  but 
they  are  generally  agreed  that  It  should  be  sufficiently 
low  to  prevent  condensation  on  the  walls  most  of  the  time. 

The  air  movement  Is  given  by  Mitchell  (11),  Fairbanks 
(5)  and  Garter  and  Foster  (2)  as  being  60  ofm  per  cow.  This 
is  sufficient  to  keep  the  dilution  of  air  below  the  limits 
as  set  by  King  (9).  However,  calculations  are  necessary  to 
determine  the  amount  of  air  movement  necessary  to  remove 
moisture  from  the  barn,  these  being  made  at  the  design  con- 
ditions for  the  particular  barn  under  consideration,  iCelley 
and  Hupel  (8)  oonoluded  that  there  was  a  direct  relationship 
between  excessive  drafts  and  pneumonia.  Hisk  of  sickness 
appears  to  Increase  with  the  degree  of  exposure  to  drafts* 
They  also  oonoluded  that  artificial  heat  in  stables  was 
undesirable* 

Clyde  (3)  suggests  that  a  suitable  means  should  be  pro- 
vided to  save  some  of  the  large  amount  of  heat  lost  in 
ventilation  of  dairy  stables.  He  stated  that  some  method 
sueh  as  having  concentric  pipes  with  either  cold  or  warm  air 
in  the  snail  pipe  and  the  other  flowing  in  the  annular  space, 
or  that  a  heat  exchange  unit  be  incorporated  in  the  walls  or 
ceiling  of  the  structure.  The  saving  of  heat  In  this  manner 
would  permit  higher  temperatures  in  the  barn  or  allow  for 
additional  ventilation  with  subsequent  reduction  of  moisture. 
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Heat  Exchanger 

Much  work  has  been  done  on  the  exchange  of  heat  from  a 
warm  fluid  to  a  colder  one.  Generally  the  temperature  range 
and  temperature  differences  are  much  greater  than  encountered 
in  dairy  barn  ventilation,  and  the  fluid  used  is  more  often 
liquid  than  gases.  Another  difference  in  the  exchanger  used 
in  this  study  and  the  ones  usually  found  in  practice  is  that 
the  one  used  here  has  flat  plates  separating  the  warm  air 
from  the  cold,  and  in  most  exchangers  one  of  the  fluids  flows 
in  pipes  or  tubes. 

Heynolds  (13)  in  1874  suggested  the  use  of  mass  velocity 
to  determine  the  heat  transfer  coefficient.  McAdams  (10) 
shows  a  plot  of  Husselt's  data  for  three  different  gases  flow- 
ing in  a  tube  having  an  inside  diameter  of  0.068  inch  where 
h  is  plotted  versus  0  on  logarithmic  coordinates,  except  in 
the  very  low  range  where  natural  convection  increases  h,  the 
plotted  points  are  very  close  to  the  curve  and  the  slope  is 
equal  to  0,8  or  h  varied  as  00*8.  It  was  found  that  Q  had 
the  same  effect  regardless  of  whether  in  the  product  0  *  V/»# 
average  linear  velocity  V  was  high  and  density  p  low,  or  the 
reverse  oooured. 

Considering  the  factors  In  the  basic  energy  and  hydro- 
mechanical  equations  wherein 
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Table  1.     Nomenclature. 
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a,  b,  d,  e,  and  f    Dlmensionless  constants, 

o    Specific  heat,  Btu/(lb  of  fluid  Mdeg  P). 

D    Diameter  of  conduit,  feet. 

0    Mass  Velocity,  lb  of  fluid/(s*c)(sq  ft  of  cross 
section),  equals  V  . 

H    Total  heat  transfer,  Btu. 

h    Coefficient  of  heat  transfer  between  fluid  and  surface, 
Btu/(hr)(sq  ft)(deg  P). 

i    Enthalpy,  Btu/lb  of  fluid. 

K    Dlmensionless  constant. 

k    Thermal  conductivity  of  fluid,  Btu/(hr)(sq  ft)(deg  F 
per  ft). 

Ii    Length,  feet. 

Nn   Nusselt  number,  dlmensionless,  equals  hD/k  • 

IL   Reynolds  number,  dlmensionless,  equals  DG/a<-,  equals 

U    Over-all  coefficient  of  heat  transfer,  Btu/(hr){sq  ft) 
(deg  P). 

V  Velocity,  feet/second. 

cl  Proportionality  factor,  dlmensionless. 

P  Density,  pounds  fluid  per  cubic  foot. 

</•*  Absolute  viscosity  of  fluid,  lb/(sec)(ft). 


a  dimensional  analysis  gives 


(2) 

MoAdama  (10)  gives  the  equation  for  heating  and  oooling 
of  fluids  inaide  tubes  as 

(3) 
Inasmuch  as  cy~/k  varies  but  little  for  any  given  fluid  he 
gives  a  simplified  equation  for  equation  (3) 

Mo Adams  (10)  also  gives  another  simplified  equation  for  the 
same  condition 

h  =  0.0/4  4  (^fta) 

Golburn  (4)  suggests  plotting  v  cG  /  I  ""!</   versus 


m 


on  logarithmio  coordinates.  He  also  gives  the 
equation 


3   -   0.03  6  ^~f-J 


(£jter  =  M-w 


for  fluids  flowing  parallel  to  flat  plates,  McAdams  (10) 
gives  a  similiar  equation  without  giving  the  values  of  the 
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constant  or  the  exponent.  The  difference  in  this  equation 
and  the  one  shown  previously  la  the  oharaotaristio  dimension 
in  the  Reynolds  number  where  L   (length)  is  used  Instead  of  D 
(diameter). 

MoAdams  (10)  reports  that  if  condensation  occurs  the 
film  coefficient  will  he  higher  than  if  there  is  no  conden- 
sation. 

TEST  PROCEDURE 

Tests  were  made  on  a  model  heat  exchanger  to  determine 
the  coefficient  of  heat  transfer  when  operating  at  conditions 
which  may  be  encountered  in  dairy  barn  ventilation,  and  tem- 
perature readings  were  taken  in  the  dairy  barn  to  find  the 
amount  of  heat  lost  from  the  barn* 

The  model  heat  exchanger  built  was  of  the  flat  plate 
type,  with  air  moving  in  counterflow  through  rectangular 
ducts.  The  arrangement  of  the  exchanger  was  such  that  ex- 
haust air  and  fresh  air  flowed  in  alternate  ducts.  The  ex- 
changer used  had  a  total  of  17  ducts  with  exhaust  air  flowing 
in  9  of  them  and  fresh  air  flowing  in  the  other  8  ducts.  Air 
was  pushed  through  the  exchanger  with  a  fan  on  each  end,  with 
the  fan  blowing  exhaust  air  located  inalde  the  room  and  the 
one  blowing  freah  air  from  outside  the  building.  The  ex- 
changer ducts  were  made  of  flat  aluminum  sheets  with  wooden 
strips  1  x  3/4  inch  forming  the  sides  of  the  ducts  and 
aeparatlng  the  aluminum  sheets.   The  interior  dimensions  of 
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each  duct  are  approximately  44  x  15  x  3/4  inches.   This  makes 
*  total  area  of  heat  transfer  surface  equal  to  80  square 
feet. 

Aluminum  was  used,  not  because  of  any  apparent  advantage 
over  sheet  steel  or  other  metals,  but  because  it  was  the  only 
metal  available  at  the  time  the  exchanger  was  built,   The 
outside  of  the  exchanger  was  covered  with  plywood.  Air  was 
brought  into  the  exchanger  from  the  fans  through  canvas 
sleeves*  At  the  exit  end  of  both  the  exhaust  air  and  the 
fresh  air  a  6  x  6  inch  duct  was  attached  for  the  air  to  flow 
through  so  that  velocity  measurements  could  be  made.   Sliding 
doors  and  windows  were  made  on  the  exchanger  for  the  purpose 
of  making  observations  and  inserting  instruments  for 
measurements* 

In  making  a  test  on  the  exchanger,  outside  air  was  blown 
through  one  side  and  room  air  through  the  other.  Air  velocity 
measurements  were  made  with  a  pi  tot-static  tube  with  measure- 
ments taken  at  the  centers  of  nine  equal  squares  in  the  6x8 
inch  duct*  An  average  of  the  nine  measurements  was  used  to 
calculate  the  velocity  pressure.  The  pressure  difference  of 
the  pi tot- static  tube  was  measured  with  an  inclined  draft 
gauge.  Using  the  average  of  the  pressures  measured  the  air 
velocity  was  obtained  from  the  basic  equation 


7  (7) 
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where  V  is  feet  per  second  and  h  is  feet  head  of  the  flowing 
fluid.  In  feet  per  minute  this  equation  beoomes 


V 


V^  ±    10965 

V       da 

(8) 

where  hy  is  the  velocity  pressure  from  the  indicating  manom- 
eter in  inches  of  water  and  da  is  the  density  of  the  air 
flowing  in  the  duct  in  pounds  per  cubic  feet.   The  density  of 
the  air  was  calculated  by  using  the  equation 


do    =  1-3  Z* 


r 

(9) 


where  PD  is  the  barometrio  pressure  in  inches  of  mercury  and 
T  is  the  absolute  temperature  in  degrees  Fahrenheit,  Prom 
the  velocity,  density  and  cross  sectional  area  of  the  duct 
the  pounds  per  hour  of  air  going  through  the  exchanger  were 
calculated. 

Wet  and  dry  bulb  temperature  readings  were  taken  with  a 
bulb  type  aspirator  psyehrometer,  of  both  the  exhaust  and 
fresh  as  they  entered  and  left  the  exchanger*  Knowing  the 
mass  of  air  and  the  wet  and  dry  bulb  temperatures,  the  heat 
content  of  the  air  as  it  entered  and  left  the  exchanger  was 
calculated  by  the  equation 

h   =  cF  td  -hWs  (  1059.Z   +-  0.  4-5-  tj  ) 

^  '  (10) 

The  heat  loss  from  the  exhaust  air  should  equal  the  heat 

gain  by  the  fresh  air. 
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The  coefficient  of  heat  transfer  U  from  one  air  stream 
to  the  other  is  calculated  from  the  equation 

Q  =  UA  .U  (u) 

where  Q,  is  the  average  of  the  heat  lost  by  the  warm  air  and 
the  heat  gained  by  the  cold  air. 

Inasmuch  as  several  investigators  have  shown  that  the 
coefficient  of  heat  transfer  varies  with  mass  velocity,  the 
objeotive  in  the  tests  was  to  vary  the  mass  of  air  flowing 
through  the  exchanger  in  order  to  be  able  to  determine  how 
the  coefficient  h  varies  with  the  mass  velocity  G,  The  air 
velocity  was  regulated  to  get  a  different  mass  flow  in  each 
test,  the  range  of  mass  velocities  being  that  which  might  be 
practical  in  dairy  barn  ventilation, 

RESULTS  OP  HEAT  EXCHANGER  TESTS 

Table  2  shows  the  data  obtained  from  tests  made  with 
the  heat  exchanger.  These  data  were  used  to  determine  an 
equation  for  this  particular  exchanger  giving  the  relation- 
ship between  the  film  coefficient  h,  and  the  mass  flow  of 
air  G.  It  was  assumed  that  the  equation  would  take  the  form 
of  equation  (2),  and  Inasmuch  as  ( -^- )  ls  *  constant  for 
a  given  fluid  within  a  limited  temperature  range,  the  value 
was  included  in  the  constant  K» ,  making  the  form  of  the 
equation 
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The  value  U  was  measured  in  making  the  tests.  An  effort 
was  made  In  most  oases  to  make  the  Reynolds  number  for  ex- 
haust air  and  fresh  air  the  same*   This  was  not  accomplished 
too  well  and  In  order  to  obtain  the  values  of  h^  and  hg  in 
the  equation 

U      h,  hi  (13) 

the  relationship  given  by  Mo Adams  (10)  was  used,  that  is  h 
varies  a  Q0*8.  Prom  this  relationship  a  value  of  h^  in  terms 
of  hg  was  obtained  by  using  equation  (13)  as  the  following 
sample  calculation  shows* 

Using  the  values  of  U  and  Reynolds  numbers  as  obtained 
in  test  Ho*  4  the  values  of  h^  and  hg  were  obtained  in  the 
following  manner; 


then 


LT=  ir  ^t      **       T39     ~   X"    +    l03Zh. 


=  (r 


+     / 


/ 


h,    =2  -74         ^         h,   =  2- S3 
Knowing  the  value  of  h,   D,   and  k.   Nuaselt'a  number  was  ob- 
tained and  this  plotted  on  logarithmle  paper  versus   the  Rey- 
nolds number.     Logarithms  of  Reynolds  and  Nuaselt's  numbers 
were  used,    and  by  the  method  of  least  squares  an  equation 


23 
for  this  exchanger  was  obtained,  the  aquation  beingj 

K  \^  J  (14) 

The  data  from  which  this  aquation  were  obtained  ia  plotted 
In  Fig.  1. 

The  correlation  coefficient  for  the  logarithms  of  the 
numbers  about  the  straight  line  was  0.856.  The  line  of 
this  equation  has  the  same  Y  intercept  as  equation  (4)  given 
by  Reynolds  (10),  but  the  slope  is  greater,  being  0.85  as 
compared  to  0.80.   As  the  relationship  that  h  varies  as  G0,8 
was  used  to  obtain  the  points  used  in  calculating  Nusselt's 
number  it  was  felt  that  another  assumption  should  be  made  and 
recalculate  the  numbers  again,  but  on  recalculation  of  a  few 
numbers  it  could  be  seen  that  the  value  of  the  equation 
would  not  be  affeoted.  The  ohange  in  h  would  not  be  before 
the  second  digit  to  the  right  of  the  decimal. 

No  attempt  was  made  in  the  study  to  determine  a  coeffi- 
cient of  heat  transfer  when  condensation  occurs  in  the  ex- 
changer. According  to  McAdams  (10)  when  condensation  occurs 
the  coefficient  of  heat  transfer  lnoreases.  There  Is  very 
apt  to  be  condensation  within  the  exchanger,  so  it  is  quite 
probable  that  the  heat  transfer  per  square  foot  degree 
difference  will  be  better  than  that  shown  by  the  equation. 

With  practical  velocities  in  the  heat  exchanger,  the 
value  of  the  overall  transfer  coefficient  U  from  the  exhaust 
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air  to  the  freeh  air  will  vary  between  1.0  and  5.0  Btu  par 
hour  per  square  foot  par  degree  Fahrenheit. 

DAIHY.  BARN  STUDIES 

The  data  obtained  in  the  dairy  barn  ware  for  the  pur- 
poae  of  determining  the  temperature  difference  between  the 
Inside  and  outside  which  can  be  maintained  in  the  barn  with 
only  the  heat  produced  by  the  dairy  cows. 

Conditions  in  Kansas  State  Dairy  Barn 

The  barn  ia  cone true ted  mainly  of  concrete,  atone  and 
day  products.  All  of  these  have  a  relatively  high  coeffi- 
cient of  thermal  conductivity  and  there  is  no  insulation  in 
the  walls  or  ceiling.  With  thia  type  of  structure  the  heat 
losses  are  very  high  which  results  in  low  temperatures  inside 
the  building.  The  rapid  flow  of  heat  through  the  walls  and 
ceiling  cauaea  the  inside  surfaces  of  the  barn  to  have  tem- 
peratures considerably  below  the  temperature  of  the  air  in 
the  building.  Because  of  this  large  temperature  difference 
the  temperature  of  the  inaide  surfaces  is  quite  often  below 
the  dewpoint  temperature  of  the  barn  air.  Whenever  this 
occurs  there  will  be  condensation  of  moisture  on  the  inside 
surfaces.   There  is  moisture  condensation  in  the  Kansas  State 
dairy  barn  almost  every  night  during  the  housing  season. 
During  some  periods  the  water  drips  from  the  ceiling  and  also 
runs  down  the  walls,  making  it  very  undesirable  inside  the 
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barn*  One  of  the  workmen  stated  that  it  was  necessary  to 
wear  his  raincoat  in  the  barn  most  of  the  winter,  even  though 
statements  of  this  kind  are  not  usually  accurate,  It  does 
Indicate  that  the  conditions  are  very  undesirable* 

The  conditions  in  this  barn  are  about  as  favorable  for 
moisture  condensation  as  they  possibly  could  be*  It  would  be 
possible  to  circulate  sufficient  air  through  the  barn  to  re- 
move  moisture  and  prevent  condensation  most  of  the  time,  but 
if  this  were  done  the  barn  temperatures  would  be  too  low  dur- 
ing cold  periods  for  oomfort  of  the  cows  and  the  workmen.  It 
would  be  desirable  to  eliminate  moisture  condensation  on  the 
walls  and  ceiling,  however,  a  ventilation  system  which  would 
accomplish  this  would  be  impractical  if  not  impossible  unless 
heat  other  than  from  the  cows  were  made  available*  Teasdale 
(16)  states  that  complete  elimination  of  condensation  on 
single  glass  windows  Is  impractical*  The  same  may  be  true  of 
complete  elimination  of  condensation  on  the  walls  and  ceiling 
of  the  Kansas  State  dairy  barn,  because  of  the  conditions 
which  are  so  favorable  for  condensation.  However,  a  reduc- 
tion of  the  amount  of  condensation  would  be  very  desirable 
and  also  possible* 

Calculations  show  that  the  heat  losses  from  the  dairy 
barn  are  those  listed  in  Table  3.   The  weighted  average  for 
heat  loss  from  the  barn  is  equal  to  0*46  Btu  per  hour,  square 
foot,  degree  Fahrenheit,  This  is  slightly  higher  than  the 
value  of  0.43  found  by  taking  temperate  readings  in  the  barn 
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and  assuming  that  each  cow  gives  off  2800  Btu  heat  par  hour. 
Both  values  are  given  on  the  basis  of  heat  lost  per  degree 
difference  in  temperature,  but  the  calculated  value  does  not 
take  into  account  the  fact  that  the  temperature  differences 
between  the  cow  barn  and  the  hay  mow,  and  the  cow  barn  and 
the  rooms  on  the  North  and  South  ends  of  the  barn  are  much 
less  than  the  temperature  difference  between  the  inside  of 
the  cow  born  and  the  outside* 

Preliminary  temperature  readings  were  made  at  many  ran- 
dom points  throughout  the  barn  in  order  to  determine  a  logi- 
cal place  to  install  thermometers*  It  was  found  from  these 
random  readings  that  the  temperature  varied  little  through- 
out the  barn  at  the  same  elevations*  The  variation  was  in  a 
vertical  direction  from  floor  to  ceiling.  The  average  tem- 
perature in  a  vertical  line  was  between  five  and  six  feet 
from  the  floor,  consequently  the  thermometers  were  placed  at 
that  elevation  at  several  locations  throughout  the  barn. 
Temperature  readings  were  taken  at  these  thermometers  at  var- 
ious times.  From  these  readings  the  average  inside  tempera- 
ture was  determined  and  from  that  and  the  corresponding  out- 
side temperature,  the  heat  losses  from  the  barn  were  deter- 
mined by  assuming  a  constant  sensible  heat  output  per  cow  of 
2800  Btu  per  hour.   This  assumption  of  constant  heat  output 
for  the  cows  is  not  exactly  correct  as  has  been  shown  by 
several  investigators  (1*  15)*  Work  being  done  at  the 
psyohro-energetic  laboratory  at  the  University  of  Missouri 


at  the  present  time  indicates  that  this  is  true,  but  figures 
as  to  how  the  heat  output  varies  are  not  available.  As  2800 
Btu  per  hour  is  the  value  most  commonly  used,  that  value  was 
also  used  in  this  study. 

The  data  were  rather  incomplete  because  of  the  mild 
weather  which  prevailed  during  the  winter  which  the  studies 
were  made,  but  as  the  limited  data  obtained  aggreed  very 
closely  to  the  theoretical  value  it  was  felt  that  they  were 
sufficient  to  use  in  the  study. 

Based  on  the  assumption  that  each  cow  produced  2800  Btu 
per  hour  of  sensible  heat,  a  curve  of  heat  losses  from  the 
barn  in  Btu  per  hour  degree  difference  between  outside  and 
Inside  temperatures  was  obtained  by  the  method  of  least 
squares,  this  curve  is  shown  in  Fig.  2.  The  overall  average 
coefficient  of  heat  transfer  from  the  barn  was  found  to  be 
0.43  Btu  per  hour  square  foot  degree  Fahrenheit.  The  fact 
that  the  heat  losses  per  degree  difference  lnoreases  as  the 
outside  temperature  increases  is  probably  due  to  the  fact 
that  the  workmen  are  not  as  careful  in  keeping  doors  closed 
as  they  go  through  them  when  the  outside  temperature  is  high 
as  they  are  when  it  is  low.  The  large  amount  of  heat  storage 
in  the  walls  of  the  barn  has  considerable  effect  on  the  tem- 
peratures in  the  barn  over  short  periods  of  changing  tempera- 
tures.  The  barn  will  not  cool  off  nearly  as  fast  as  would  be 
the  case  for  a  barn  having  walls  in  which  the  heat  storage 
is  not  as  great  as  the  one  studied.  The  reverse  would  also 


29 


7000 


6000- 


3 
O 

X 

L. 
0> 

Q. 

3 

m 


5000 


4000 


o 

O             y 

o 

°8 

A 

so 

o    c 

> 

Pig.   2. 


10  20 

Outside      Temperature       °F 

Btu  loss  per  hour  from  Kansas  State  dairy  barn  at 
various  outside  temperatures. 


30 


30 

be  true  aa  when  the  outside  temperature  is  rising  the  walls 
will  absorb  heat  and  the  inside  temperatures  will  rise  much 
slower  than  the  outside  temperatures.   This  heat  storage  is 
beneficial  in  smoothing  out  the  peaks  of  the  temperature 
curves  inside  the  barn,  but  It  has  a  detrimental  effect  in 
increasing  the  amount  of  condensation  when  the  temperature  is 
rising.  No  attempt  was  made  to  determine  the  amount  of  heat 
storage  by  the  barn  walls. 

USE  OP  HEAT  EXCHANGED  IN  BARN  VENTILATION 

The  purpose  of  using  the  heat  exchanger  in  ventilation 
of  the  dairy  barn  is  to  save  some  of  the  heat  lost  in  the 
exhaust  air  to  warm  the  incoming  cold  air.  This  has  two 
effects  on  ventilation)  first*  the  resulting  inside  tempera- 
tures  will  be  raised  giving  greater  comfort  for  the  cows  and 
workmen;  second,  with  the  higher  temperature  in  the  barn 
less  air  movement  is  required  to  remove  a  given  amount  of 
moisture  from  the  barn.  Thus  either  more  adequate  ventila- 
tion can  be  accomplished  or  smaller  ventilation  systems  may 
be  used  to  provide  the  necessary  amount  of  ventilation.  The 
use  of  a  heat  exchanger  may  also  reduoe  the  amount  of  insul- 
ation required  in  the  barn.  To  determine  whether  this  would 
have  any  value  would  require  a  complete  eoonomio  analysis  of 
the  costs  and  benefits  of  the  heat  exchanger  versus 
additional  insulation. 

In  considering  the  use  of  a  heat  exchanger  in 
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ventilation  the  following  values  were  used  in  the  calcula- 
tions, all  given  as  the  value  per  cow. 

Heat  available  2800  Btu  per  hour 

Moisture  to  be  removed        3060  grains  per  hour 
Square  feet  barn  surface       130 
Surfaoe  area  in  heat  exchanger   10  square  feet 
An  example  of  what  can  be  accomplished  by  using  the 
heat  exchanger  is  Illustrated  by  the  following)  assume  that 
the  outside  temperature  is  0°  P.  and  relative  humidity  50 
per  cent,  the  air  then  contains  2,75  grains  of  water  vapor 
per  pound*  Calculations  show  that  approximately  26  cfm  per 
sow  are  required  to  maintain  75  per  oent  relative  humidity 
at  40°  F.  inside  barn  temperature.  As  40°  F.  is  only  an 
estimate  as  to  the  inside  temperature  that  can  be  maintained, 
30  cfm  air  per  cow  will  be  used  in  making  the  calculations. 
With  30  efm  air  flow  per  cow  and  a  heat  exchanger  hav- 
ing 10  square  feet  of  exchange  surfaoe  per  cow,  and  dimen- 
sions such  that  with  the  30  cfm  air  flow  the  Reynolds  num- 
ber will  be  9300,  then  from  equation  (14)  U  will  be  equal  to 
1,56  Btu  per  hour  per  square  foot  per  degree  Fahrenheit, 

With  these  conditions  in  the  Kansas  State  dairy  barn  it 
will  be  possible  to  maintain  35.5°  F.  inside  temperature  and 
74  per  oent  relative  humidity.  Without  the  use  of  the  heat 
exchanger  and  30  efm  air  flow  per  oow,  the  inside  tempera- 
ture will  be  31.2°  F.  and  the  relative  humidity  89  per  oent. 
Condensation  would  occur  on  the  walls  either  with  or  without 
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the  heat  exchanger  when  the  wall  surface  temperature  Is  28.5° 
P.  as  the  absolute  humidity  would  he  22.5  grains  of  water 
vapor  per  pound  of  air*  Calculations  show  that  when  the  in- 
side temperature  is  35*5°  P.  and  the  outside  temperature  is 
0°  P.  the  inside  surface  of  the  walls  would  be  29°  F,,  and 
when  the  Inside  temperature  is  31*2°  P.  and  the  outside 
temperature  is  0°  P.  the  inside  surface  of  the  walls  will  be 
25.4°  P.  Even  though  the  4.3°  P.  higher  temperature  possible 
under  these  conditions  as  shown  by  using  a  heat  exchanger 
may  seem  insignificant,  it  does  raise  the  temperature  above 
the  freezing  point  for  these  conditions  and  decreases  the 
possibility  of  condensation  on  the  walls.  Pig*  3  through 
Pig.  6  shows  the  temperature  difference  which  can  be  main- 
tained in  barns  having  various  U  values  when  there  are 
different  quantities  of  air  flowing  over  a  heat  exchanger 
having  10  square  feet  of  surface  area  and  approximately  0.16 
square  feet  cross  sectional  area  per  cow,  end  also  with  the 
same  amount  of  air  flow  and  no  heat  exchanger* 

Under  the  above  conditions  with  the  heat  exchanger  there 
was  removed  from  the  exhaust  air  and  added  to  the  fresh  air 
23,370  Btu  per  hour  for  the  70  cows  in  the  barn  or  334  Btu 
per  cow  per  hour.  This  is  12  per  cent  of  the  total  heat 
given  off  by  the  cow  and  39  per  oent  of  the  heat  given  off 
by  the  cows  and  not  lost  through  the  walls,  windows  and 
ceiling  of  the  barn.  In  other  words  39  per  cent  of  the  heat 
which  is  available  for  ventilation,  under  the  assumed 
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conditional,  is  saved  by  the  heat  exchanger. 

It  has  been  assumed  in  the  above  calculations  on  the 
heat  exchanger  that  all  of  the  exhaust  air  as  well  as  all  of 
the  fresh  air  passed  through  the  exchanger,  for  it  is  neces- 
sary to  have  this  ooour  for  the  exchanger  to  be  effective. 
To  accomplish  this  two  fans  are  necessary,  one  to  force  the 
exhaust  air  and  one  to  force  the  fresh  air*  This  increases 
the  oost  of  installation  as  well  as  doubling  the  power  costs 
above  the  costs  in  a  ventilation  system  having  only  an  ex- 
haust fan  to  accomplish  ventilation.  This  means  that  if  a 
heat  exchanger  is  used  the  cost  of  installation  of  the  venti- 
lation system  will  be  twice  the  oost  of  one  not  using  a  heat 
exchanger,  plus  the  oost  of  the  exchanger  itself.  An  ex- 
changer of  the  type  used  in  the  tests  could  be  easily  built 
by  any  dairyman,  and  the  approximate  cost  for  materials  be- 
tween $3,00  and  #4.00  per  oow  at  present  prices,  that  is  if 
the  sise  is  10  square  feet  of  exchange  area  per  cow.  So  the 
total  oost  of  a  ventilation  system  using  a  heat  exchanger 
would  be  Just  a  little  more  than  twice  the  oost  of  a  com- 
parable ventilating  system  not  using  a  heat  exchanger. 

POSSIBILITIES  OF  USING  MOW  AIR  FOR  VENTILATION 

From  the  data  shown  in  Table  4,  it  appears  that  if  the 
air  for  ventilation  were  taken  from  the  hay  mow  and  circu- 
lated through  the  barn,  the  barn  temperatures  might  be 
raised  by  as  much  as  6  to  10  degrees  Fahrenheit, 
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Table  4.  Hay  mow  temperature  reading*  and  corresponding 
outside  temper  attires. 
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:  t 

Outside  temperature, °P.  I  Average  hay  mow  temp. °F.  difference 

i,  ■  .    l,    i    .  i  i        .    .  : 

4  U  11 

8  19  11 

i»  as  la 

4  14  10 

10  88  18 

8  17  t 

Average  11.6 


However,  using  the  mow  sir  for  ventilation  would  bring  out- 
side air  into  the  mow  reducing  the  temperatures.  As  the  tem- 
perature is  reduced,  there  would  be  more  heat  lost  from  the 
cow  barn  to  the  mow  because  of  the  greater  temperature  diff- 
erence, but  much  of  the  heat  could  be  saved  by  circulating 
the  mow  air  through  the  cow  barn. 

The  use  of  the  mow  air  was  not  considered  at  ths  begin- 
ning of  this  investigation,  thus  sufficient  data  were  not 
obtained  to  calculate  the  exact  temperature  difference  be- 
tween that  and  the  cow  barn  with  a  given  amount  of  ventila- 
tion using  the  mow  air.  The  above  data  do  indicate  however 
that  in  the  Kansas  State  dairy  barn  the  use  of  mow  air  for 
ventilation  may  be  very  desirable.  Barns  where  the  floor 
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is  insulated  with  a  covering  of  hay  or  other  material  would 
not  have  as  much  advantage  In  raising  the  barn  teraperaturea 
as  one  which  is  not  insulated.  The  use  or  mow  air  and  a 
heat  exchanger  should  raise  the  oow  barn  temperatures 
considerably* 

SUMMARY  AND  CGNOLUSIOHS 

1.  Ventilation  is  important  in  animal  shelters  not 
only  because  of  the  health  and  comfort  of  the  animals  and 
woriaaen,  but  also  because  of  the  deterioration  of  the  struc- 
ture by  having  moisture  present.  The  removal  of  objectional 
odors  is  also  an  important  consideration  in  vontilatlon. 

2.  Gravity  ventilation  Is  not  being  considered  because 
ox  the  superiority  of  mechanical  ventilation. 

3.  The  Kansas  State  dairy  barn  is  badly  in  need  of  an 
improved  system  of  ventilation,  because  of  the  excessive 
moisture  condensation  on  the  walls  and  ceiling. 

4.  Xieat  production  by  animals  is  not  sufficient  to 
provide  adequate  ventilation  unless  a  large  amount  of  In- 
sulation Is  provided  in  the  structure. 

5*  A  heat  exchanger  offers  a  means  of  saving  some  of 
the  heat  to  provide  for  additional  air  change  or  to  Increase 
the  temperature  inside  the  structure. 

6.  The  coefficient  of  heat  transfer  in  any  given  heat 
exchanger  is  a  function  of  tlie  velocity  of  the  air  flow. 
With  increasing  velocity  the  turbulence  of  the  air  is  in- 
creased, reducing  the  thickness  of  the  air  film  next  to 
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tli©  exchange  surface. 

7.  In  the  exchanger  studied  the  coefficient  of  heat 
transfer  is  proportional  to  the  0.85  power  of  Reynolds  num- 
ber and  inversely  proportional  to  the  effective  diameter  of 
the  ducts  in  the  heat  exchanger. 

8.  Additional  heat  transfer  surface  increases  the 
total  amount  of  heat  transfer,  but  to  Increase  the  surface 
area  either  the  sise  of  the  exchanger  must  he  increased  or 
increase  the  number  of  ducts  by  reducing  their  size  which 
increases  frictions!  resistance  to  air  flow. 

9.  In  the  design  of  a  heat  exchanger  a  balance  between 
the  effeotlve  diameter  of  the  exchanger  ducts  and  the  sur- 
face area  should  be  accomplished  to  give  optimum  total  heat 
transfer  with  a  minimum  amount  of  friotlonal  resistance. 

10.  To  use  a  heat  exchanger  the  structure  must  be 
relatively  tight.  Air  leakage  prevents  the  maximum  utilisa- 
tion of  the  heat  exchanger,  causes  a  temperature  drop  and 
makes  it  difficult  to  control  the  system. 

11.  Condensation  inside  the  structure  could  be  reduced 
or  eliminated  by  the  use  of  a  heat  exchanger  where,  under 
similar  conditions,  this  could  not  be  accomplished  without 
the  use  of  an  exchanger. 

IS.  Condensation  inside  the  exchanger  will  Increase 
the  coefficient  of  heat  transfer.  The  effect  of  this  was 
not  studied  and  consequently  was  not  used  in  heat  exchanger 
calculations* 
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13.  A  means  must  bo  provided  to  drain  the  condensate 
from  the  exchanger  and  also  a  means  for  cleaning  the 
exchanger  surfaces, 

14,  Using  a  heat  exchanger  requires  two  fans  Instead 
of  one,  which  makes  twice  the  fan  costs  and  twice  the  power 
requirements.  In  addition  to  thia  there  will  also  be  the 
additional  coat  of  the  exchanger  itself. 

15,  Bie  exchanger  becomes  more  effective  as  more  heat 
becomes  available  for  ventilation,  when  the  exchanger  is 
most  needed  it  is  less  effective, 

16.  Use  of  mow  air  for  ventilation  offers  desirable 
possibilities  as  the  average  of  the  temperature  readings  in 
the  mow  were  11.6°  p,  above  the  corresponding  outside 
temperature* 
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